The development of the early Drosophila embryo is marked by the separation of two nuclear lineages, yolk and somatic nuclei, each having its own division program despite residing in a common cytoplasm. We show that the failure of nuclear division of the yolk nuclei is a consequence of dysfunction in bipolar spindle organization during mitosis 10 and 11. Yolk spindle organization defects are directly correlated to centrosome behaviour, which is abnormal in at least three sequential aspects. First, the yolk centrosomes do not migrate properly along the nuclear envelope during nuclear cycles 10 and 11 and give rise to non-functional monopolar spindles. Second, the centrosomes detached from the poles spindle at the end of nuclear cycle 11, leaving the spindles anastral. Third, the free centrosomes duplicate in the absence of nuclear division during last mitoses and early gastrulation, but do not separate properly. In spite of their reduced nucleating properties, beyond the nuclear cycle 12, the yolk centrosomes contain typical centrosomal antigens, suggesting that their structural organization has not been changed after they disperse in the cytoplasm. Our findings also demonstrate that the centrosome dynamics are spatially and temporally regulated in the yolk region. This observation is consistent with the presence of rate-limiting levels of maternally provided key molecular components, needed for centrosome duplication and positioning. The presence of normal and abnormal centrosomes in the same cytoplasm provides an useful model for investigating the common regulators of the nucleus and centrosome cycle which ensure precise spindle pole duplication. q
Introduction
The establishment of a proper bipolar microtubule array, that dictates the correct separation of sister chromatids in centrosome-containing cells, depends upon the accurate duplication and segregation of the centrosomes during the spindle assembly process. Knowledge of the mechanisms driving correct centrosome positioning during spindle morphogenesis is, therefore, basic to an understanding of the dynamics of the spindle organization. The early Drosophila embryo represents a useful model to investigate the early steps of centrosome behaviour, namely duplication and separation. Besides the number of maternal-effect phenotypes caused by spindle organization defects due to centrosome dysfunction, the Drosophila embryo provides the unique opportunity to find two different nuclear lineages in the same cytoplasm, cortical somatic nuclei and internal yolk nuclei.
Whereas the fate of the somatic nuclei in the development of the embryo is well known, the function of the yolk nuclei is unclear. Yolk nuclei are commonly believed to participate in yolk digestion (Bownes, 1982) and only recently they were also implicated in midgut development (Walker et al., 2000) . An unusual and intriguing feature is that each of these two nuclear types has its own division program despite the fact that they reside in a common cytoplasm and before they appear to possess a predetermined fate. The first seven nuclear divisions take place in synchrony within the interior of the embryo, and the segregation of yolk and somatic nuclei starts during telophase of nuclear cycles 8 and 9. At this time the majority of the nuclei, the somatic nuclei, migrate towards the cortex of the embryo, while the yolk nuclei remain in the central yolk mass. The somatic nuclei undergo four rounds of tightly synchronous mitoses giving rise to an evenly spaced monolayer of about 6000 nuclei that later will cellularize (Zalokar and Erk, 1976; Foe and Alberts, 1983) .
By contrast the yolk nuclei divide twice with poor synchrony before undergoing two additional rounds of DNA replication without accompanying nuclear division (Foe et al., 1993) . We have previously shown that this different division program relies on the abnormal behaviour of the centrosomes associated with the yolk nuclei beginning at the 10th mitosis (Callaini and Dallai, 1991) .
In the present study we used antibodies against tubulin and several centrosomal components during the last syncytial mitoses of the Drosophila embryo to assess the role of the centrosome in the process of spindle morphogenesis in the yolk region. Our results demonstrate that the yolk centrosome behaviour is abnormal in at least three sequential aspects. First, the yolk centrosomes do not migrate properly along the nuclear envelope during nuclear cycles 10 and 11 and giving rise to non-functional monopolar spindles. Second, the centrosomes detach from the spindle poles at the end of nuclear cycle 11, leaving anastral spindles that shortly disappear, leading to nuclear division failure. Third, the free centrosomes duplicate in the absence of nuclear division during the last nuclear cycles, but do not separate properly. We would like to emphasize that this centrosome misbehaviour occurs in the yolk region at the same time that the centrosome cycle in the cortex of the embryo is strictly coupled to the nuclear cycle. This observation raises the question of whether the different centrosome behaviour is due to differentially distributed cytoplasmic components or to factors intrinsic to each nucleus (Rothwell and Sullivan, 2000) . The opportunity to have functional and non-functional centrosomes in a common cytoplasm could help us to find the essential structural components and factors which shift the normal centrosome cycle to abnormal.
Results

The organization of bipolar spindles in the yolk region is abnormal
During prophase of the nuclear cycle 10, the centrosomes are in close contact with the nuclear region both at the cortex and in the yolk region, and organize distinct arrays of astral microtubules (Fig. 1A) . As the nuclei progress into prometaphase, the cortical centrosomes start to assemble a bipolar spindle with opposing poles (Fig. 1B, inset) . In contrast, the two microtubule bundles nucleated by the yolk centrosomes often converge toward the chromosomes in a V-shaped configuration (Fig. 1B) .
During metaphase the centrosomes organize distinct bipolar spindles in the cortical region of the embryo (Fig.  1C, inset) , whereas a range of abnormalities in the structural configuration of individual mitotic spindles are apparent within the yolk region (Fig. 1C ). Simultaneous labelling with antibodies against b-tubulin and propidium iodide reveals that the structure of these abnormal spindles falls into one of two broad phenotypic classes. The first class is composed of normal-looking bipolar spindles with chromosomes aligned at the metaphase plate. These spindles often show slight defects in the organization of the equatorial region, since some of their interpolar microtubules do not overlap fully at the midzone (Fig. 1C) . The second class is represented by curved spindles (Fig. 1C) . These spindles are bipolar, but the distance pole-to-pole is slightly shorter than that observed in the neighbouring normal-looking metaphase spindles. Some interpolar microtubule bundles do not overlap at the midzone of these spindles; instead they bend and meet together outside the spindle outline, forming short projections perpendicularly aligned to the longitudinal axis of the spindle. Chromosomes are found throughout these projections with their centromeric regions toward the centre of the spindle and their arms directed outwards (data not shown).
During anaphase of the 10th nuclear cycle the sister chromatids move to the opposite poles of bipolar spindles in the peripheral cytoplasm (Fig. 1D, inset) . By contrast two spindle configurations, normal-looking bipolar spindles and 'monopolar' spindles, are observed in the yolk region. The bipolar spindles have large astral microtubules and look like anaphase, although their chromosomes lag in the midzone of the spindle in a metaphase-like configuration (Fig. 1D) . Some antiparallel interpolar microtubules do not overlap at the midzone of these spindles. 'Monopolar' spindles have one extremity with two widely separated centrosomes and large asters, whereas the opposing extremity is splayed and does not contain centrosomes (Fig. 1D) . The centrosomes nucleate three sets of microtubules: one microtubule array forms large asters, another extends between the two centrosomes, and a third extends from the centrosomes toward the chromatin. Some superimposition of the astral microtubules emanating from opposing centrosomes was also observed. The analysis of optical sections that extend through the cortex and into the interior of the embryo reveals that defects in spindle organization increase moving inwards. Normal-looking bipolar spindles are frequently observed in the subcortical cytoplasm, whereas 'monopolar' spindles are observed in the inner region. Unlikely, the defects in spindle organization observed within the yolk region can be due to poor fixation inside the embryo, since the same defects were observed in embryos fixed with formaldehyde (data not shown). The dysfunctions in bipolar spindle organization increases with the progression through the nuclear cycle. During anaphase of the 11th nuclear cycle, only 3% (n ¼ 55=1831) of the spindles examined in the yolk region are bipolar, the 'monopolar' spindles being the most representative figures (Fig. 1E) . Bipolar spindles have disappeared from the yolk region at anaphase of the 12th nuclear cycle and only a few abnormal spindles are observed. Large clusters of chromatin fill the interior of the embryo at this stage of development (Fig. 1E) . Fig. 1 . Spindle organization at the embryo surface (insets) and in the yolk region. Embryos were stained for b-tubulin and DNA. In the merged images, chromatin is in red, and microtubules in green. The images in the panels are projections of several different focal planes. Nuclear cycle 10: (A) prophase, the distance among sister spindle poles is variable; (B) prometaphase, triangle-shaped spindles with chromatin at one corner (arrowheads); (C) metaphase, normallooking bipolar spindles with slight defects in interpolar microtubule overlapping (arrowheads) and curved spindles, with abnormal midzone microtubules (arrows); (D) early anaphase, bipolar spindles with incomplete microtubules overlapping at the midzone (arrows) and monopolar spindles with centrosomes greatly separated (arrowheads). (E) Quantification of the spindle phenotype observed in the yolk region during anaphase of the 10th,11th and 12th mitoses. We examined the figures found in five fields each with x, y, and z axes of 50 mm for each of 30 different embryos per nuclear cycle. Spindles were classified either as bipolar, when the centrosomes organized opposite arrays of astral microtubules, or monopolar, when the centrosomes were on the same side of the spindle and the opposite extremity was anastral and broad; free chromatin indicates the presence of chromatin not associated with spindles. The results are represented as mean values. The scale bar represents 10 mm.
'Monopolar' spindles result from dysfunction in spindle pole positioning
The 'monopolar' spindles observed in the yolk region throughout metaphase and anaphase of the 10th and 11th nuclear division cycles have the common feature of being nucleated by two centrosomes at the same side of the nucleus. We would like, therefore, to determine if these irregular spindles are the consequence of the abnormal behaviour of these yolk centrosomes. To test whether spindle pole migration is indeed defective in the yolk region we determined the position of the centrosomes by simultaneously labelling with antibodies against b-and gtubulin. In nuclear cycle 9, embryos we observed a distinct asynchrony in separation between the centrosomes associated with the migrating and the stationary nuclei ( Fig. 2A) . Although all telophase spindles at this time look normal, with long astral microtubules and evident midbodies, only the spindle poles associated with migrating nuclei display separated centrosome pairs, as typically occurred during the centrosome cycle in the early Drosophila embryo ( Fig. 2A,  inset) . By contrast the spindle poles associated with the stationary nuclei have only one centrosome ( Fig. 2A) .
During prophase of the nuclear cycle 10 the cortical centrosomes move along the nuclear periphery (Fig. 1A , inset) to reach opposite poles, and at the onset of prometaphase they nucleate long microtubules that intercalate to form interpolar bundles. In the yolk region some duplicated centrosomes are close to each other, as if they were at an earlier step of migration (Fig. 1A) . Unlike the syncytial blastoderm where the distance among the duplicated centrosomes of each set is nearly constant, in the yolk region the position of the sister centrosomes is more variable (Fig. 2B, C) . This observation does not necessarily points to defects in the centrosome behaviour, but it could be a consequence of a delay in separation or migration of the centrosomes associated with the yolk nuclei. This possibility is supported by the observation that normal-looking bipolar spindles successfully form in the yolk region during nuclear cycle 10 (Fig. 1C, D) . However, since the proportion of the centrosomes that are closer during interphase and prophase of nuclear cycles 10 and 11 rather overlaps the proportion of 'monopolar' spindles observed during the following anaphases we suspect a relationship between abnormal mitotic figures and centrosome positioning. At the beginning of the 11th mitosis the centrosomes associated with the cortical nuclei have moved to the opposite poles and organize astral microtubules (Fig. 3A, inset) . By contrast, the yolk centrosomes have slightly moved apart or have not yet fully separated, and do not organized distinct arrays of microtubules (Fig. 3A) . When the surface nuclei are in prometaphase (Fig. 3B , inset) the yolk centrosomes have slightly moved apart and organize spindle formed by two nearby poles (Fig. 3B) . However, instead of forming stabilized bipolar spindles as at the embryo surface, the duplicated centrosomes fail to reach the opposite poles of the yolk nuclei. The altered centrosome positioning in the yolk region results at metaphase (Fig. 3C ) and early anaphase ( Fig. 3D ) with the production of 'monopolar' spindles in which one extremity is sharpened and associated with a centrosome pair and the opposite extremity is anastral and broad. In some cases (11%; n ¼ 169=1538) one of the Telophase of the 9th mitosis: the morphology of migrating (inset) and stationary spindles is similar; however, centrosomes at the spindle poles of the migrating nuclei have split (arrowheads), but the centrosomes of the stationary nuclei remain compact (arrows). Microtubules are stained green, g-tubulin orange, and DNA blue. Distance between sister centrosomes in cortical and yolk regions during interphase of 10th (B) and 11th (C) mitoses. Results are the mean of the centrosome number found in at least five fields, each field a square of 50 mm/side, for each of 25 embryos scored at each nuclear cycle. Distance was measured only when sister centrosomes resided in the same optical section. The scale bar represents 10 mm. Fig. 3 . Behaviour of the centrosomes at the embryo surface (insets) and in the yolk region during nuclear cycle 11. Embryos were stained for microtubules (green) and DNA (red). Images in the panels are projections of several different focal planes. (A) Interphase: note the reduced degree of migration of the yolk centrosomes; (B) Prometaphase: whereas the centrosomes at the embryo surface organize bipolar spindles, the yolk centrosomes fail to reach opposite extremities; (C) Metaphase: the majority of the figures are monopolar spindles with two widely separated centrosomes (D) Early anaphase: sister chromatids have started to separate in the periplasm, but chromosomes in the yolk region are associated with monopolar spindles with just-detaching centrosomes (arrowheads); (E) Most of the centrosomes are detached from the monopolar spindles when the surface nuclei are in late anaphase, leaving spindles anastral and irregular (arrows); (F) Telophase: a few abnormal spindles are observed in the yolk region and the centrosomes are mostly free in the cytoplasm. The scale bar represents 10 mm.
centrosomes is found far from the yolk spindles ( Fig. 3D ). At late anaphase ( Fig. 3E ) and early telophase (Fig. 3F ) of the 11th nuclear division cycle the majority of the 'monopolar' spindles have lost their centrosomes, which disperse within the yolk region, and the chromosomes remain associated with anastral monopolar spindles. This loss likely contributes to the accumulation of the free centrosomes seen in the yolk region during later stages of development.
Additional spindle organization defects are presumably involved, although to a lesser extent, in the accumulation of monopolar figures and free centrosomes in the yolk region at the end of the nuclear cycle 11. Irregular spindles that do not support chromosome separation and/or segregation may ultimately have lost one centrosome at their poles (data not shown). Alternatively, bipolar spindles in which the sister chromatids have moved to the opposite poles break into two half spindles, each containing a chromosome complement (data not shown). Whereas the first spindle defect is suggestive of poor affinity between centrosomes and spindle microtubules, the second spindle phenotype points to defects in the organization of the midzone region leading to the failure of midbody formation. This defect is consistent with the observation that interpolar microtubules fail to fully overlap in the yolk spindles during metaphase/anaphase of the 10th mitosis.
To verify if the abnormal organization of the mitotic spindles in the yolk region leads to DNA segregation defects we simultaneously stained the embryos with antibodies against the product of the gene proliferation disrupter (prod), that localizes principally to the centromeric regions of chromosomes 2 and 3 (Torok et al., 1997) . As the chromosomes move toward the poles during late anaphase four Prod dots, corresponding to the sister kinetochores of the second and third chromosome pairs that were pulled apart, were found at the opposite extremities of the spindle (Fig. 4A, inset) . We only found four distinct Prod reactive dots associated with the 'monopolar' spindles in the yolk region during late anaphase 10 (Fig. 4A ). This could indicate that sister centromeres had not yet separated in these abnormal spindles. The segregation of the sister chromatids does seem to occur with the bipolar spindles in which interpolar microtubules did not fully overlap at the midzone (Fig. 4A) . During late nuclear cycle 11 and within nuclear cycles 12 and 13 we found large clusters of chromatin that contain many Prod reactive dots (Fig. 4B) . The few abnormal spindles still holding distinct chromosomes show four discrete Prod-positive dots (Fig. 4B ).
Cyclin B accumulates at the centrosomes in the yolk region
Since in most systems, defects in sister chromatid separation result in metaphase arrest with non-degradable cyclin B, we wanted to investigate if this is also the case for the yolk nuclei in the early Drosophila embryo. We studied the distribution and degradation of this protein in the yolk region by staining syncytial embryos during nuclear cycles 10-13 for microtubules and cyclin B. In the syncytial blastoderm a substantial pool of cyclin B is concentrated at the poles of the forming cortical spindles during interphase/prophase (Fig. 5A, inset) . At prometaphase the protein becomes localized throughout the microtubules of the spindle (data not shown). During late metaphase cyclin B starts to disappear from the spindles and is found at high levels at the interpolar microtubules that overlap in the Fig. 4 . Dynamics of the yolk chromosomes during nuclear cycles 10 (A) and 12 (B). Microtubules (green) are stained with a b-tubulin antibody and the centromeric regions of chromosomes 2 and 3 (red) with and antibody against the product of the gene proliferation disrupter (Prod). Images in the panels are projections of several different focal planes. (A) In late syncytial blastoderm anaphase, the antibody recognizes four spots at the opposite extremities of the spindles (inset). During telophase of the 10th mitosis, two groups of four spots are also associated with the bipolar spindles in the yolk region, although the extent of separation depends on the integrity of the spindle (arrows); four dots are instead associated with the monopolar spindles (arrowheads). (B) During telophase of the nuclear cycle 12, four dots are associated with the anastral spindles (arrowheads); many dots are found on the microtubule-free chromatin (arrows). The scale bar represents 10 mm. middle region of the spindle (Fig. 5B, inset) . By the time the spindles enter anaphase almost no cyclin B is present in the spindle region, whereas it is detected as spotty staining in the surrounding cytoplasm (Fig. 5C, D, insets) . In the yolk region, cyclin is found at background levels throughout the cytoplasm but it is never associated with the poles of the forming spindles during prophase -prometaphase (Fig. 5A ). There is no staining observed at the midzone of the bipolar spindles at metaphase (Fig. 5B) , suggesting that there is no cyclin B accumulation on the antiparallel overlapping microtubules. However, during anaphase (Fig. 5C ) and telophase ( Fig. 5D ) of both nuclear cycles 10 and 11, cyclin B is found associated with the yolk centrosomes, both those that are free in the cytoplasm and those associated with the poles of aberrant spindles. Interestingly, the cyclin B signal does not overlap the whole spindle pole, as observed in the syncytial blastoderm (Fig. 5A, inset) , but is restricted to a small spot in the inner b-tubulin free region at the core of the yolk centrosomes.
Recruitment of centrosomal antigens to the yolk centrosomes
To investigate whether the alteration of microtubule nucleation of the yolk centrosomes after nuclear cycle 12 could be the result of changes or defects in their structure and/or morphology, we looked at the distribution of some proteins commonly found at the centrosomes during the syncytial mitoses. Immunostaining embryos for the centrosomal protein CP190 revealed the localization and the morphology of the yolk centrosomes. CP190 is a core component that localizes to the centrosome throughout the division cycle and to the nuclei at interphase (Whitfield et al., 1988) . This protein does not require microtubules for its movement to, or maintenance at, the centrosome. CP190 antigen is highly concentrated at the poles of the mitotic spindles in the syncytial blastoderm (Fig. 6A, inset) , with some tendency to accumulate around the condensed chromosomes. During interphase the staining is prevalently Fig. 5 . Cyclin B localization in the yolk region during nuclear cycle 11. Embryos were stained for microtubules (green) and cyclin B (orange). Images in the panels are projections of several different focal planes. Cyclin B is concentrated at the poles of the forming cortical spindles during prophase (A, inset) and is present on the midzone of the cortical spindles at late metaphase (B, inset, arrowhead), but in the yolk region staining is only at background levels (A,B). During late anaphase (C) and late telophase (D) almost no cyclin B staining is present in the cortical spindles (insets); in the yolk region there is distinct spot on the spindle poles (arrows). The scale bar represents 10 mm.
nuclear and the antigen is not substantially recruited to the centrosome. CP190 is also present from prophase to telophase of the 10th -11th mitoses at the poles of both normal and abnormal spindles in the yolk region (Fig. 6A ) and continues to cycle normally into the nuclei during interphase. By the 12th nuclear division cycle the CP190 antigen is found at the free centrosomes and associates with the chromatin of the yolk nuclei (data not shown).
To assess if yolk centrosomes contain centrin, which as a rule is found at the poles of the syncytial blastoderm Fig. 6 . Spindle pole organization in the yolk region. Embryos were stained with antibodies against b-tubulin (green), and either CP190 (A), centrin (B), Asp (C,D) or Pav-KLP (E,F) (orange). Images in the panels are projections of several different focal planes. CP190 (A) and centrin (B) are found at the poles of both yolk and cortical spindles during late (A, inset) or early (B, inset) anaphase. Details of the yolk region during prometaphase (C) and late metaphase of the nuclear cycle 11 (D) showing the Asp protein at the spindle poles of both cortical (C,D, insets) and yolk spindles. Details of the yolk region during late metaphase (E) and late telophase (F) of nuclear cycle 11 showing the Pav-KLP gene product at the spindle poles (arrowheads) and at the midzone (arrow) of the cortical nuclei ( insets) and at yolk spindle poles both associated with spindle microtubules or free in the cytoplasm (arrowheads). The scale bar represents 10 mm. spindles, we immunostained embryos during the last syncytial mitoses with an antibody generated against recombinant HsCen1p human centrin (Paoletti et al., 1996) . This antibody strongly stains centrin-associated material at the poles of the spindles during the syncytial mitoses (Fig. 6B, inset) and at the poles of bipolar and 'monopolar' spindles ( Fig. 6B) and at the free centrosomes (data not shown) in the yolk region.
Since the Asp gene product has been suggested to contribute to the integrity of mitotic microtubule organizing centres and to play a role in microtubule bundling at the spindle poles (Avides and Glover, 1999; Wakefield et al., 2001 , Riparbelli et al., 2002 , we also immunostained embryos during the last syncytial mitoses with an anti-Asp antibody. We found that Asp localizes to the spindle poles during the syncytial mitoses (Fig. 6C, D, insets) . Asp is also found in the interior of the embryo in association with the poles of the forming spindles at prometaphase (Fig. 6C) and during metaphase and anaphase in association with bipolar and 'monopolar' spindles (Fig. 6D) . Some staining was also seen at the free centrosomes that are still able to nucleate short astral microtubules during late nuclear cycle 11 -early nuclear cycle 12 and at the free centrosomes found after nuclear cycle 12 until early gastrulation stages (data not shown). Since the Asp protein is associated with the microtubule minus-ends, the observation that this antigen accumulated at the free centrosomes during later stages of development supports the possibility that they are able to nucleate very short microtubules that escape detection. This is also supported by the observation that the Asp staining is not detected in colchicine-treated embryos (data not shown). The lack of signal following microtubule depolymerization could be due to the loss of the Asp pool associated with the minus ends of the short-centrosome-associated microtubules.
The antibody against the kinesin-like protein encoded by pavarotti (Pav-KLP), required for the correct organization of the mitotic spindle, could provide an useful tool to examine the spindle-centrosome organization during mitosis (Adams et al., 1998) . In the syncytial blastoderm the Pav-KLP gene product is found at the centrosome during prophase, metaphase and anaphase (Fig. 6E, inset) ; during telophase, it becomes associated with the most central part of the spindle, and it is less readily detected at the spindle poles (Fig. 6F, inset) . In the yolk region we observe a strong accumulation of this protein at the poles of both normallooking and 'monopolar' spindles ( Fig. 6E ) and at the free centrosomes (Fig. 6F) , whereas a distinct spindle midzone localization is never observed beyond telophase of the nuclear cycle 10. This could suggest that telophase spindles do not assemble correctly in the yolk region starting from nuclear cycle 11.
Since g-tubulin is a highly-conserved centrosomal protein involved in microtubule nucleation, we asked if this protein is present at the spindle poles of the 'monopolar' spindles and at the isolated centrosomes in the yolk region.
Immunofluorescence analysis of embryos during stages 10-13 reveals that the spindle poles in the syncytial blastoderm have a distinct accumulation of g-tubulin (Fig. 7A, inset) , that changes with the cell cycle. g-tubulin content at the cortical centrosomes is, indeed, lower during interphase and increases dramatically at prophase (data not shown), when microtubule nucleation increases. g-tubulin is also detected during nuclear cycles 10, 11 and 12 in the yolk region in association with the poles of the normal-looking spindles and with the poles of the 'monopolar' spindles ( Fig. 7A) and is also present at the free yolk centrosomes until gastrulation (Fig. 7A -D) . However, the protein content at the free centrosomes remains unchanged and by nuclear cycle 12 neither astral or spindle microtubules are observed to nucleate from them. Immunostaining with antibodies against g-tubulin reveals that a small pool of this protein is found at the free centrosomes until early gastrulation stages, but fails to reveal any distinct microtubule bundle (Fig. 7A ). This observation, therefore, suggests that gtubulin alone may not be sufficient to organize well developed microtubule arrays at the yolk centrosomes, and additional factors may be required for activating and/or enhancing the nucleating properties of the centrosome.
The yolk centrosomes are able to duplicate during later stages of development, but their separation is defective
To extend our understanding of how centrosomes behave in the yolk region at later stages of development, we stained embryos at nuclear cycles 12 and 13, during cellularization and early gastrulation stages with antibodies against CP190, g-tubulin, and centrin. As shown above, these antibodies allow us to easily recognize centrosome-associated material and are useful tools for investigating centrosome dynamics. With slight differences in intensity and in general morphology, all the antibodies revealed that centrosomes are able to undergo duplication cycles despite their modified microtubule nucleating properties. From late nuclear cycle 12, we found many centrosome pairs in which each centrosome is more or less close to the sister of the same set. Interestingly, the relative distance between the two sister centrosomes of each pair seems to be correlated with the presence of associated microtubule bundles (Fig. 7A ). Double labelling with antibodies against g-and b-tubulin showed that the sister centrosomes, still able to nucleate short microtubules, have more distance between them than the centrosome pairs lacking obvious microtubules. Although single centrosomes seem to be present in the yolk region at the beginning of the 13th nuclear cycle, higher magnification revealed that all the antibodies used always cross-reacted with distinct pairs of centrosomes (Fig.  7B) . During cellularization stage of the syncytial blastoderm we observed closely associated pairs of sister yolk centrosomes, as if they had duplicated without intervening full separation (Fig. 7C) . The separation-defective phenotype of the yolk centrosomes increases during early gastrulation stages. During the formation of the ventral furrow we found two remarkable differences in centrosome morphology and disposition: first, the material associated at each centrosome has reduced in dimension; second, many clusters of four centrosomes are observed (Fig. 7D ). This could suggest that previously replicated centrosomes did not undergo effective separation and migration and were unable to duplicate further. This hypothesis is supported by the finding with the anti-centrin antibodies of proteinaceous links among centrosomes of the same clusters (not shown). The small size of the centrosomes could be due to the fact that they had duplicated without recruitment of new centrosomal material from the cytoplasm.
Discussion
We have reported a number of irregularities in the organization of the mitotic spindles within the yolk region following the migration of the somatic nuclei to the cortex. These spindle abnormalities increase with time until nuclear cycle 12, when the spindles disappear from the interior of the embryo and the yolk nuclei stop dividing. We established that the division failure of the yolk nuclei during 12th nuclear cycle is due to previous dysfunctions in bipolar spindle morphogenesis that lead ultimately to the disorganization and disassembly of the spindles. The observations of centrosome behaviour substantiate that these defects in bipolar spindle organization are the consequence of incorrect spindle pole positioning. Unlike the somatic centrosomes that migrate apart along the nuclear envelope until they are diametrically opposed, most of the yolk centrosomes are unable to move 1808 apart during nuclear cycles 10 and 11. This abnormal behaviour leads to closely positioned centrosomes that are unable to organize functional bipolar spindles.
Spindle pole migration defects such as that observed in the yolk region during nuclear cycles 10 and 11 have been described in the syncytial blastoderm of daughterless-abolike (dal) mutant embryos during nuclear cycles 11-13 (Sullivan et al., 1990) . Embryos lacking the serine-threonine kinase aurora often show monopolar spindles, indicating that spindle poles require this protein to separate properly (Glover et al., 1995) . The inhibition of different motor proteins that are believed to position spindle poles also results in monopolar spindles with duplicated but closely spaced centrosomes, like the 'monopolar' spindles observed in the yolk region. It has been, indeed, shown that a temporally coordinated balance of forces generated by three mitotic motors, cytoplasmic dynein, KLP61F, and Ncd directs spindle pole movements in syncytial Drosophila embryos (Sharp et al., 2000) . Specifically, dynein function has been suggested to be required in the early Drosophila embryo for the complete migration of the centrosomes along the nuclear envelope and to maintain the attachment of the centrosomes to mitotic spindle poles (Robinson et al., 1999) . The reduced centrosome migration and the centrosome-loss phenotype observed in the yolk region during 10th and 11th nuclear cycles are, therefore, consistent with a crucial role for this protein in the correct positioning of the yolk centrosomes.
Though the yolk centrosomes are unable to trigger the nucleation of distinct microtubule asters after the nuclear cycle 12, they do contain CP190, centrin, and g-tubulin, which are also found in the cortical centrosomes. The Asp protein, required for the proper organization of g-TuRCs at the mitotic spindle poles (Avides and Glover, 1999) , is also found at the yolk centrosomes. Moreover, during syncytial blastoderm stages they also accumulate the kinase Polo (Moutinho-Santos et al., 1999 ) that has been demonstrated to phosphorylate Asp to promote the mitotic organizing activity of the centrosomes (Avides et al., 2001 ). These findings together suggest that the structural organization of the centrosomes and their microtubule nucleating properties could be unchanged in the yolk region. The question is, therefore, why the yolk centrosomes do not nucleate distinct astral microtubules after nuclear cycle 12, as they do during the previous nuclear cycles. The detection, with antibodies against b-tubulin, of a feeble signal at the yolk centrosomes until the 12th -13th divisions suggests that a small tubulin pool is associated with them. This tubulin pool could represent short microtubules that are not detected by routine analysis. Since g-tubulin signal is always present at the yolk centrosomes during their life cycle, we suspected that the low tubulin staining could, indeed, correspond to short microtubules, rather than to a tubulin pool free at the centrosome. To test this possibility we stained embryos at early developmental stages with anti-Asp antibodies that recognize the microtubule minus end at the centrosome and at the spindle midbody (Wakefield et al., 2001; Riparbelli et al., 2002) . We found an intense signal at the yolk centrosomes during the syncytial blastoderm/early gastrula stages. This could, therefore, suggest that short microtubules are indeed present. Colchicine treatment disrupts Asp localization to the centrosome, indicating that the presence of the protein at the spindle poles is dependent upon microtubules.
The short microtubules associated with the yolk centrosomes during later nuclear division cycle-early gastrulation lead us to ask if they are the consequence of altered nucleating properties of the centrosomes or if they are due to extrinsic factors. Live analysis of syncytial Drosophila embryos suggests that free centrosomes can reproduce and nucleate microtubules when they are in the proximity of normal dividing nuclei, but these properties are lost when the free centrosomes are further away (Debec et al., 1996) . It is therefore possible that the centrosome cycle and microtubule nucleation need nuclear signals to be executed. Although microtubule nucleation defects cannot be at present excluded, a trivial hypothesis could be that the free yolk centrosomes do not cycle throughout mitosis, as do their cortical counterpart, but they maintain an interphaselike state. During interphase the cortical centrosomes themselves nucleate few and short microtubules, but as they enter prophase the recruitment of additional g-tubulin triggers a dramatic increase of the microtubule nucleation activity at the centrosome, and large asters are formed. The yolk centrosomes do likewise during nuclear cycles 10 and 11, but beginning with nuclear cycle 12 their g-tubulin content remains substantially unchanged and neither astral nor spindle microtubules are found. The failure to recruit additional g-tubulin could be consistent with an 'immature' state of the free yolk centrosomes, lagging in the interphase period. Studies of phosphorylation of histone H 3 (PH3), normally absent in interphase nuclei and appearing on condensed chromatin, suggest that the yolk nuclei maintain an interphase state when the cortical nuclei are in mitosis (Su et al., 1998) . Defects in spindle microtubule organization are never detected during very early nuclear cycles, before the migration of the somatic nuclei to the surface. Since the components required for the first 13 rounds of divisions in the Drosophila embryo are maternally provided, the delayed cycle of the yolk centrosomes, in spite of the fact that both yolk and cortical centrosomes share a common cytoplasm, could reflect a different spatial distribution of cytoplasmic components. The existence of both monopolar and bipolar spindles in the yolk region during anaphase of the 10th mitosis also suggests that maternally supplied components could be differentially redistributed to individual spindles, thus giving them a different behaviour. Particularly, the increasing number of abnormal spindles moving throughout the yolk region, points to a distribution gradient of these components within the inner and the cortical cytoplasm. If the progression of the centrosome cycle requires increasing amounts of cytoplasmic components, the rate-limiting levels of maternally-supplied factors within the yolk could explain the presence of both monopolar and bipolar spindles during nuclear cycle 10 and the abrupt shifting of bipolar to monopolar spindles during nuclear cycle 11. This asymmetry might be generated during nuclear cycles 8 and 9 when most of the nuclei move to the surface and some cytoplasmic components could be displaced to the periphery by the astral microtubules. This seems to be the case for maternally-supplied cyclin B transcripts that accumulate around the nuclei at the earliest stages of Drosophila development. As the nuclei migrate to the cortex, they take large amounts of cyclin B to the peripheral cytoplasm with them, thereby clearing the transcripts from the interior of the embryo (Raff et al., 1990) . The low amount of cyclin B transcripts in the yolk region could be consistent with the failure of the yolk nuclei to progress through the cell cycle beyond the 11th mitosis.
The dynamic distribution of cyclin B that we observed in the cortical cytoplasm agrees with previous reports (Huang and Raff, 1999) , but the striking accumulation inside the yolk centrosomes at the time that the cortical nuclei are in anaphase-telophase of the 11th mitosis has not been reported previously. This signal did not overlap the whole spindle pole as described in Drosophila syncytial embryos (Maldonado-Codina and Glover, 1992; Raff et al., 2002) , but it was restricted to the inner b-tubulin free-region of the centrosome, suggesting that the signal could be located in the centriolar area. The cyclin B signal into the yolk centrosomes during anaphase -early telophase of the 11th mitosis might reflect the working of a checkpoint pathway that is sensing defects in executing mitotic processes and is blocking cyclin B degradation at the centrioles, so preventing premature procentriole budding and delaying centrosome duplication cycle. This could couple centrosome maturation to nuclear cycle, so ensuring duplication of the centrosome precisely once in the cell cycle. The earliest control point in centrosome duplication is, indeed, the splitting and duplication of the two parental centrioles. This control might become weak during nuclear cycles 11 and 12, leading to the uncoupling of centrosome duplication and DNA replication cycles. It has been demonstrated that preventing the degradation of cyclin B blocks assembly of new procentrioles in Drosophila (Vidwans et al., 1999) and sea urchin (Hinchliffe et al., 1998) embryos, and the splitting of parental centrioles fails in Xenopus in the absence of Cdk2 activity (Lacey et al., 1999) .
Experimental procedures
Egg collection
Two to three hours and 4 -5 h Drosophila melanogaster Oregon R embryos were collected on small agar-yeast plates at 248C. Two to three hours collection yielded embryos that were sufficiently young to contain syncytial stages mainly at nuclear cycles 8 -11, and some older embryos. Older embryos at cellularization and early gastrulation stages were obtained by collecting eggs for 4 -5 h.
Reagents
A mouse monoclonal anti-b-tubulin (Boehringer, Mannheim UK) was used at a 1:200 dilution; a rabbit polyclonal anti-Asp serum Rb3133 (Saunders et al., 1997) at 1:50 dilution; a rabbit anti-Pav-KLP polyclonal Rb3301 (Adams et al., 1998) at 1:100; a mouse anti-g-tubulin monoclonal antibody (Sigma, St. Louis, MO) at 1:100; a rabbit HsCen1p polyclonal antibody (Paoletti et al., 1996) at 1:400 dilution; a rabbit anti-cyclin B polyclonal Rb271 antibody at 1:400 dilution; a rabbit anti-CP190 polyclonal Rb188 (Whitfield et al., 1988) at 1:400 dilution; a rabbit anti-Prod polyclonal antibody (Torok et al., 1997) at 1:400 dilution; a rat monoclonal YL1/2 directed against tyrosinated a-tubulin (Harlan Sera-Lab, England) at a dilution of 1:20. Goat anti-mouse, anti-rabbit, and anti-rat (Cappel, West Chester, PA) secondary antibodies coupled to fluorescein or rhodamine were used at 1:600 dilution. DNA was visualized with propidium iodide (Sigma). Bovine serum albumin (BSA), colchicine and ribonuclease A (RNAse) were obtained from Sigma.
Drug treatment
For microtubule depolymerization experiments, 2-3 h old embryos were dechorionated in a 50% bleach solution, washed in distilled water, dried on filter paper, and permeabilized with heptane as described by Limbourg and Zalokar (1973) . The eggs were then quickly dried, covered with tissue paper and incubated with 5 mM colchicine for 15 min at 248C. The tissue paper prevented the embryos from floating on the surface of the solution and ensured that the whole embryo was in contact with the drug.
Indirect immunofluorescence and confocal images
Eggs were dechorionated in a 50% bleach solution for 2-3 min, rinsed in distilled water and dried in a filter paper. We used two different fixation protocols. Eggs were transferred in five parts heptane þ one part phosphate buffer saline (PBS) þ one part formalin (37% formaldehyde with 10% methanol) for 30 min. The fixed embryos were devitellinized manually or by en masse via methanol immersion. Alternatively, the eggs were transferred in a heptane/cold methanol solution (1:1) to remove the vitelline envelope. Eggs were then fixed 10 min in cold methanol. In both cases the eggs were washed in PBS and incubated for 1 h in PBS containing 0.1% bovine serum albumin (BSA). Both the fixation procedures give the same results. We, therefore, report here only the findings obtained with methanol protocol. For double staining of microtubules and asp, Pav-KLP, cyclin B, centrin, or Prod, embryos were incubated overnight at 48C with the specific antisera and then with anti-b-tubulin antibody for 4 -5 h at room temperature. After washing in PBS -BSA the embryos were incubated for 1 h with the appropriate secondary antibodies. For simultaneous localization of microtubules and g-tubulin the embryos were incubated overnight at 48C with the anti-g-tubulin antibody, then the YL1/2 antibody was added and the incubation proceeded for 2 h at room temperature. After washing in PBS -BSA the embryos were incubated for 1 h with the appropriate secondary antibodies. Controls of the secondary antibodies alone were done for all staining. For simultaneous tubulin and DNA staining, the eggs were incubated for 4 -5 h at room temperature in the anti-b-tubulin antibody. After washing in PBS -BSA, the eggs were then incubated in the goat anti-mouse antibody to which 1 mg/ml RNAse was added. After washing in PBS the eggs were incubated 30 min in 1 mg/ml propidium iodide. Eggs were mounted in small drops of 90% glycerol containing 2.5% n-propyl-gallate. Confocal images were obtained using a Leica TCS4D confocal microscope equipped with a Krypton/Argon laser (Leica Microsystems, Eidelberg). Images were collected with the pinhole opened for optimal resolution using low laser emission to attenuate photobleaching and eight frame-averaged scans per image to improve the signal/noise ratio. Images of chromosomes and microtubules collected at several focal planes were superimposed, merged into a single file and imported into Adobe Photoshop to adjust size and contrast. Prints were made using an Epson Stylus Photo colour printer.
